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B. WADE FRENCH,4 AND LANCE J. MEINKE1,5
J. Econ. Entomol. 108(2): 742–751 (2015); DOI: 10.1093/jee/tou063
ABSTRACT Transgenic plants have been widely adopted by growers to manage the western corn root-
worm, Diabrotica virgifera virgifera LeConte, in field corn. Because of reduced efficacy in some Ne-
braska fields after repeated use of Cry3Bb1-expressing hybrids, single plant bioassays were conducted in
2012 and 2013 to characterize the susceptibility of western corn rootworm populations to the rootworm-
active proteins Cry3Bb1, mCry3A, and Cry34/35Ab1. Results demonstrate that there are heritable
differences in susceptibility of Nebraska western corn rootworm populations to rootworm-active Bt
traits. Proportional survival and corrected survival data coupled with field histories collectively support
the conclusion that a level of field resistance to Cry3Bb1 has evolved in some Nebraska populations in
response to selection pressure and that cross-resistance exists between Cry3Bb1 and mCry3A. There
was no apparent cross-resistance between Cry34/35Ab1 and either Cry3Bb1 or mCry3A. The potential
implications of these results on current and future corn rootworm management strategies are discussed.
KEY WORDS genetically modified crop, evolution, resistance management, Bacillus thuringiensis,
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Introduction
Corn rootworms (Diabrotica spp.) are economically im-
portant pests of field corn in the U.S. Corn Belt. The
economic impact of this pest complex to U.S. farmers
has been estimated at US$1 billion in yield loss and
treatment costs annually (Rice 2004, Sappington et al.
2006). The most significant Diabrotica species in the
Corn Belt region is the western corn rootworm, Dia-
brotica virgifera virgifera LeConte (Gray et al. 2009).
Larval feeding on corn roots by this insect pest can
lead to root injury, decreased plant growth, and re-
duced yield (Godfrey et al. 1993, Gray and Steffey
1998, Urı´as-Lo´pez and Meinke 2001). The western
corn rootworm was not considered a serious pest of
corn until the late 1920s–1940s, when it became a
problem in northwestern Kansas and southwestern Ne-
braska (Bare 1930, Tate and Bare 1946, Bryson et al.
1953). Contributing factors included planting of contin-
uous corn, made possible by development of irrigation
systems and the introduction of synthetic fertilizer
(Meinke et al. 2009). This facilitated an increase in
western corn rootworm densities and the initiation of
range expansion that now covers many corn growing
areas east of the Rocky Mountain region of North
America (Gray et al. 2009, Meinke et al. 2009). From
the 1950s to 1990s, a large market developed around
the manufacture and the subsequent use of soil-applied
or foliar-applied insecticides as standard western corn
rootworm management tactics in continuous corn
(Levine and Oloumi-Sadeghi 1991).
Recent advancements in biotechnology led to the de-
velopment of transgenic crops that produce insecticidal
proteins derived from the bacterium Bacillus thurin-
giensis (Bt). The rootworm-active Bt toxin Cry3Bb1 was
registered and introduced commercially in corn hybrids
during 2003. Since 2003, the Bt toxins Cry34/35Ab1
(2005), mCry3A (2006), and eCry3.1Ab (2012), which
target Diabrotica species, were also registered in the
United States (EPA 2003, 2005, 2007, 2012a,b, Vaughn
et al. 2005, Gatehouse 2008, Tabashnik et al. 2009).
Transgenic Bt corn hybrids have been widely adopted
by growers and largely replaced soil and foliar insecti-
cides as the primary tactics used in continuous corn for
management of corn rootworms. Rootworm-active Bt
pyramids were granted registrations more recently in
the United States (i.e., Cry3Bb1 and Cry34/35Ab1
[2009], mCry3A and Cry34/35Ab1 [2011], mCry3A and
eCry3.1Ab [2013]; Environmental Protection Agency
[EPA] 2012a, 2013) and are gradually replacing single
Bt trait market share in the U.S. Corn Belt.
All registered Bt events that are active against the
western corn rootworm are considered less than high
dose, as defined by the EPA (i.e., these Bt events fail to
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produce 25 times the concentration of Bt toxins needed
to kill 99% of susceptible insects; Storer 2003;
Tabashnik 2008, Tabashnik et al. 2008). As a result,
root injury and some survival to the adult stage are ex-
pected in the field for currently registered rootworm-
active proteins expressed in commercial hybrids (Storer
et al. 2006, Hibbard et al. 2010, 2011, Clark et al.
2012).
In recent years, greater than expected injury (i.e.,
more than one node of injury) by the western corn
rootworm to corn hybrids expressing Cry3Bb1 has
been observed in some areas of the Corn Belt
(Gassmann et al. 2011, 2012, 2014, Potter and Ostlie
2011, Wright et al. 2011, Gray 2012, 2014). Problem
fields where this phenomenon was observed were typi-
cally planted to single Cry3Bb1 trait hybrids for three
or more consecutive years (Gassmann et al. 2011, 2012,
2014). Because the western corn rootworm has demon-
strated a great capacity to adapt to pest management
tactics (Ball and Weekman 1962, Meinke et al. 1998,
Levine et al. 2002), the potential evolution of resistance
to Bt traits is of primary concern. Field histories and
single plant bioassays directly comparing larval survival
among Cry proteins were used to confirm that a level
of western corn rootworm resistance to Cry3Bb1
evolved in some fields in Iowa and Illinois (Gassmann
et al. 2011, 2012, 2014, Gray 2012, 2014). In Nebraska,
greater than expected rootworm injury has also been
observed in some fields with a history of Cry3Bb1 corn
cultivation. However, formal characterization of the
susceptibility of Nebraska western corn rootworm pop-
ulations to rootworm-active Bt corn events has not
been conducted. Therefore, during 2012–2013, field
and laboratory studies were conducted to provide such
data as part of a larger project to develop sustainable
corn rootworm management strategies in Nebraska.
The laboratory component of this project is presented
in this article. The Gassmann single plant diagnostic
bioassay technique (Gassmann et al. 2014) was used to
compare western corn rootworm susceptibility with
Cry3Bb1, Cry34/35Ab1, and mCry3A proteins. Popula-
tions from various Cry3Bb1 problem fields were com-
pared with multiple control populations.
Materials and Methods
Insect Populations. In 2011 and 2012, farmers and
crop consultants notified us about rootworm control
issues in some fields planted to Cry3Bb1 corn. Control
issues were usually characterized by moderate to severe
root injury and plant lodging (plants not perpendicular
to ground, leaning), which can be a characteristic of
extensive rootworm feeding. After notification, these
fields were visited and seven to eight plants were dug
from the problem areas of most fields to evaluate root
injury using the 0–3 node injury scale (Oleson et al.
2005). Lateral flow strips (Envirologix Inc., Portland,
ME) were used to confirm the expression of Cry3Bb1
proteins in each plant. Fields with an average root
injury rating >1.00, which met the EPA criteria for
greater than expected injury (EPA 2011), were called
Cry3Bb1 problem fields in this study (Table 1).
Two western corn rootworm populations were col-
lected from Cry3Bb1 problem fields during August
2011 and six additional populations were collected
from problem fields between 6 July and 15 August
2012 (Tables 1 and 2; Fig. 1). The populations from
Cry3Bb1 problem fields were collected from six coun-
ties in Nebraska (Fig. 1). The field histories dating
back to 2007 were obtained from growers for these
Cry3Bb1 problem fields (Table 1).
The only exceptions to the root injury
characterization–adult collection procedure described
above were fields PA and P1,which had greater than
expected injury to Cry3Bb1 corn the year before west-
ern corn rootworm beetle collections were made. In
each case, root injury was not evaluated the year adults
were collected (see Table 1).
Three additional Nebraska field populations were
collected in 2012 from fields that had not exhibited
unexpected injury to any rootworm Bt hybrid. These
populations were used as field control populations in
bioassays. Also, one laboratory population in 2012 and
Table 1. Root injury ratings and cropping sequence of
Cry3Bb1 history fields exhibiting greater than expected injury
that were sampled during 2011 and 2012
Field Na Root rating
(NIS)6 SE
Field historyb
07 08 09 10 11 12
2011
PA – – 1 1 1 1 1 –
PB 7 1.676 0.38 1 1 2 1 1 –
2012
P1 7 1.606 0.14 1 1 1 1 1 4
P2 7 1.236 0.02 1 1 1 1 1 1
P3 7 1.566 0.11 1 1 1 1 1 1
P4 7 1.246 0.13 2 1 2 1 1 1
P5 7 2.006 0.07 2 1 2 1 1 1
P6 8 2.496 0.16 3 1 1 1 1 1
IA-R 12 3.006 0.00 1 1/2 1 1 1 1
a Number of roots rated for root injury using 0–3 node injury scale.
Roots were not rated from field PA during 2011. Root injury rating at
site P1 was recorded in 2011, the Cry34/35Ab1 expressing hybrid was
not evaluated in 2012.
b Field history indicates the crop that was planted in each field
from 2007 to 2012: 1, Cry3Bb1-expressing corn; 2, either soybeans or
sugar beets; 3, corn hybrid unknown; 4, primarily Cry34/35Ab1-
expressing corn plus small multitrait trial. For IA-R in 2008, part of
the field was planted to Cry3Bb1 corn and the other portion was
planted to soybeans.
Table 2. Adult western corn rootworm collection date (2011)
and mean corrected proportional larval survival in 2012 western
corn rootworm bioassays
Sitea Date collectedb Mean corrected
survival6 SE
Cry3Bb1 Cry34/35Ab1
Problem field (PA) 23 August 0.676 0.03 0.126 0.01
Problem field (PB) 29 August 0.256 0.02 0.096 0.01
Laboratory control (L1) 1996 0.056 0.01 0.186 0.02
a Problem field, Cry3Bb1 history fields with greater than expected
injury; Laboratory control, laboratory colony with no previous
exposure to rootworm Bt corn.
b L1 population, the year field collection was brought into the
laboratory and a colony was established.
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seven populations in 2013 from U.S. Department of
Agriculture–Agricultural Research Services North
Central Agricultural Research Laboratory, Brookings,
SD, were concurrently used as laboratory control popu-
lations during the bioassays. The laboratory populations
had not been exposed to Cry toxins and were collected
in the field prior to commercialization of rootworm-
active Bt traits (Table 3; Fig. 1). Furthermore, a
Cry3Bb1 problem field population from Iowa was used
as a positive control in the 2013 bioassays. The Iowa
population (IA-R) was collected during 2012, and was
associated with a history of Cry3Bb1 corn cultivation
and greater than expected feeding injury to Cry3Bb1
corn in 2012 (Table 1; Fig. 1).
The western corn rootworm adults collected from
the field were brought to the laboratory at the Univer-
sity of Nebraska–Lincoln, and held for at least 1 mo.
Approximately 500–1,200 western corn rootworm
adults were collected from each field. The adults were
maintained in 28 cm3 Plexiglass boxes and were pro-
vided with a diet of milk stage non-Bt corn ear tissue.
Food was replaced regularly every 2–3 d. Autoclaved
(Market Forge Sterilmatic, Everett, MA) silty clay loam
soil presifted through a U.S. standard 60-mesh sieve
(Cospheric, Santa Barbara, CA) was moistened (ca.
30% moisture by volume) and provided in small round
plastic containers (300 ml; 11.5 cm in diameter) as ovi-
position substrate for gravid females. After oviposition,
soil was moistened and lids were placed on containers
before storage in Ziploc bags. To facilitate diapause
development and termination, eggs were held at 25C
for 1–2 mo after oviposition, 7C for 5–6 mo, and
22C until egg hatch (Fisher 1989). Because of obliga-
tory western corn rootworm egg diapause, bioassays
were always conducted during the year following beetle
collection.
Bioassays. Similar procedures and whole-plant bio-
assay techniques described in Gassmann et al. (2011)
were used in this study. Bioassays were conducted at
Iowa State University in 2012, and followed the same
Fig. 1. A map of the state of Nebraska showing the distribution of sites sampled in 2012. Sites beginning with P were
Cry3Bb1 history fields exhibiting greater than expected injury (problem fields), while the sites beginning with C were control
fields not experiencing unexpected injury to any rootworm Bt toxin. The map also shows the county where the laboratory
control populations (L) were collected prior to commercial release of rootworm-active Bt corn events.
Table 3. Adult western corn rootworm collection date (2012)
and mean corrected proportional larval survival in 2013 bioas-
says for populations from Cry3Bb1 problem fields and control
fields
Sitea Date collectedb Mean corrected survival (6SE)c
Cry3Bb1 mCry3A Cry34/35Ab1
P1 6 July 0.736 0.04 0.706 0.06 0.176 0.02
P2 12 July 0.796 0.06 0.596 0.06 0.226 0.02
P3 26 July 0.636 0.04 1.006NA 0.376 0.03
P4 26 July 0.906 0.06 0.916 0.06 0.276 0.03
P5 26 July 0.616 0.04 0.966 0.04 0.146 0.02
P6 15 Aug. 0.796 0.05 0.946 0.05 0.206 0.02
P mean 0.746 0.04a 0.856 0.07a 0.236 0.03a
C1 9 Aug. 0.096 0.02 0.136 0.03 0.006NA
C2 14 Aug. 0.076 0.01 0.296 0.02 0.006NA
C3 15 Aug. 0.146 0.01 0.046 0.01 0.056 0.01
C mean 0.106 0.02b 0.156 0.07b 0.026 0.02b
L1 1996 0.066 0.02 – 0.166 0.03
L2 1995 0.026 0.01 0.336 0.04 0.346 0.03
L3 1996 0.006NA 0.426 02 0.056 0.01
L4 1994 0.156 0.02 – 0.046 0.01
L5 2000 0.006NA 0.156 0.03 0.036 0.03
L6 1999 0.046 0.01 0.246 0.02 0.206 0.02
L7 2000 0.006NA 0.036 0.01 0.006NA
L mean 0.046 0.02b 0.236 0.07b 0.126 0.05ab
IA-R 10 July 0.876 0.05 0.416 0.08 0.196 0.04
a P1–P6, Cry3Bb1 history fields with greater than expected injury;
C1–C3, field populations from sites not experiencing unexpected
injury to rootworm Bt hybrids; L1–L7, laboratory colonies that had
not been exposed to rootworm-active Cry toxins.
b L1–L7 populations: The date collected refers to the year each
colony was collected from the field to initiate a laboratory colony.
c Overall means within columns with the same letter are not signifi-
cantly different (P> 0.05, one-way ANOVA, LSMEANS test).
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methods, as presented in Gassmann et al. (2014). All
bioassays from 2013 were conducted at the University
of Nebraska–Lincoln. In 2012, Cry3Bb1 (DeKalb DKC
6169) and Cry34/35Ab1 (Mycogen 2T789)-expressing
hybrids plus their respective non-Bt near isolines
(DeKalb DKC 6172, Mycogen 2T777) that did not
express any rootworm-active Bt toxins were used in
bioassays. In 2013, Cry3Bb1 (Stone 6021VT3), mCry3A
(Syngenta N68B-3000 GT), and Cry34/35Ab1 (Pioneer
Brand P1151XR)-expressing hybrids and their respec-
tive non-Bt near isolines (Stone 6021RR2, Syngenta
N68B- GT, Pioneer Brand P1151HR) that did not
express rootworm-active Bt toxins were used in bioas-
says. No seed treatments were applied to seed used in
2012 but all seeds used in 2013 were initially treated
with a neonicotinoid insecticide at 0.25 mg (AI) per ker-
nel. Seed treatments were removed in 2013, using the
methods described in Gassmann et al. (2011) before
use in bioassays.
In 2013, a mixture of two types of potting soils,
Metro-mix professional growing mix (F1153Sun Gro
Horticulture Distr. Bellevue, WA) and LC1 Nix Profes-
sional growing mix (F1153 Sun Gro Horticulture Distr.
Bellevue, WA) were mixed in a 1:1 ratio, according to
Gassmann et al. (2011) procedures, and used as the
soil for all bioassays. Clear 1-liter plastic pots (Johnson
Paper & Supply Co. Minneapolis, MN) were filled with
moistened soil (three-fourth full), leaving some space
at the top of the pots for water application. One seed
was planted in each pot and the pots were kept on
benches in the greenhouse. An optimal temperature
was maintained between 13.8 and 27.8C (average
daily low and high temperatures).
In 2013, supplemental lighting was provided as
needed in the greenhouse by high-pressure sodium
lights (400 W 208 V Jasond light bulbs, P. L Light Sys-
tems,Beamsville, ON, Canada) to maintain a photoper-
iod of 14:10 (L:D) h. Water was provided on a regular
basis every 2–3 d in equal amounts to each pot. A
60-ml hypodermic syringe (Becton, Dickinson and
company, Franklin Lakes, NJ) was used to draw and
apply 50 ml of water to each potted plant. Vigoro water
soluble, all-purpose plant food fertilizer (Swiss Farms
Products, Howard Hughes Parkway, NV) was applied
to all potted plants at the V2 growth stage (Abendroth
et al. 2011). The fertilizer was dissolved in water in a
ratio of 4 mg of fertilizer to 1 ml of water before appli-
cation to each pot using a 60-ml syringe. Each potted
plant received exactly 100 ml of fertilizer solution. Lat-
eral flow strips (Envirologix Inc., Portland, ME) were
used to confirm the expression of Bt proteins in Bt
corn hybrids. A randomized complete block design was
used to arrange the hybrids in plastic pots on green-
house benches.
In 2013, potted plants with fully expanded leaf tissue
at the V5 stage (Abendroth et al. 2011) were used in
the bioassays according to Gassmann et al. (2011).
Twelve western corn rootworm neonates were counted
and placed immediately on exposed root tissues of each
potted corn plant using a soft hair brush size 10/0
(Dalere Rowney Ltd., Bracknell, England) by moving
soil slightly to expose the roots. After infestation,
exposed roots were lightly covered with soil taking care
not to injure the larvae. The infested plants in their
respective pots were placed in growth chambers (Per-
cival Scientific, Boone, IA) maintained at 24.0C, a
photoperiod of 14:10 (L:D) h and 65% humidity for
17 d. Preliminary experiments indicated that 17 d under
these conditions would enable fastest developing larvae
to reach third instar but not the pre-pupal stage. The
bioassay pots were arranged in a randomized complete
block design within the growth chamber. Within each
population tested, there were 12 replications for each
corn hybrid and four and six corn hybrids assayed in
2012 and 2013, respectively (i.e., 2012: n¼ 48; 2013:
n¼ 72 total plants per population). An exception to this
occurred in 2013, where bioassays could only be con-
ducted with Cry3Bb1 and Cry34/35Ab1 for laboratory
control populations L1 and L4. Water was provided as
needed (<50 ml per pot) to avoid drowning larvae and
to enable corn plants to grow optimally. At 17 d post-
infestation, each corn plant was cut above the soil level
to remove the stalk and the above-soil plant tissues
before all contents in the pots were transferred and
spread evenly into Berlese funnels to extract larvae.
Light intensity was modified to set the Berlese funnel
temperature at 40C using 40 W, 120 V soft white light
bulbs (Philips Lighting Company, Worcester, MA) for
4 d. Larvae were collected in 70% ethyl alcohol inside
clear glass jars (Solo Cup Company, Lake Forest, IL)
attached to Berlese funnels.
Data Analysis. Proportional survival was calculated
as the number of larvae recovered after 17 d divided by
the 12 neonates that had initially been placed in each
bioassay pot. Because bioassay data for 2012 were from
only two Cry3Bb1 field populations and one laboratory
control population, data were analyzed with a one-way
analysis of variance (ANOVA; PROC GLIMMIX in
SAS) to compare mean proportion larval survival
among six combinations of hybrid by population with
data from each type of Bt corn and non-Bt near isoline
analyzed separately (e.g., three populations each on
Cry3Bb1 and isoline).
The mean proportion larval survival from the 2013
bioassays was analyzed with a two-way, mixed-model
ANOVA, using PROC GLIMMIX in SAS (SAS
Institute 2010, Cary, NC). Data for the three types of
Bt corn (Cry3Bb1, mCry3A, and Cry34/35Ab1 and
their respective non-Bt near isolines) were analyzed
separately. Each ANOVA included the fixed factors
population type (six Cry3Bb1 problem field popula-
tions, three non-problem-field control populations, and
seven laboratory control populations [exception: only
five laboratory populations for mCry3A]), corn hybrid
(Bt hybrid and the respective non-Bt near isoline), and
their interaction. The random factors in the analysis
were population nested within population type, and the
interaction between corn hybrid and the population
nested within population type. The arcsine square root
transformation was used to improve normality of the
residuals prior to analysis (Snedecor and Cochran
1989). For all analyses, the treatment differences were
determined by the LSMEANS test at the P¼ 0.05 level
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of significance (SAS Institute 2010). Nontransformed
data are reported in this article.
Corrected mortality was also calculated for each pop-
ulation and Cry protein using the correction of Abbott
(1925). Corrected survival was then calculated as a
complement of corrected mortality. A one-way
ANOVA, using PROC GLIMMIX in SAS (SAS
Institute 2010), was used to compare the mean cor-
rected survival among each population type for each
type of Bt corn. For all analyses, the treatment differ-
ences were determined by the LSMEANS test at the
P¼ 0.05 level of significance (SAS Institute 2010).
Correlation analyses were used to measure the
strength of association between the corrected survival
of problem field and laboratory control populations on
Cry3Bb1and mCry3A corn, Cry3Bb1 and Cry34/35Ab1
corn, and mCry3A and Cry34/35Ab1 corn. A Pearson’s
correlation coefficient was used to test for significance
against the null hypothesis of P¼ 0 (PROC CORR
in SAS).
Results
Proportion Survival on Bt and Non-Bt Near
Isoline Hybrids. 2012 Bioassays. Proportional larval
survival was significantly different among treatments
included in the one-way ANOVA (F¼ 7.23; df¼ 5, 54;
P< 0.0001; Fig. 2A). Mean survival of the three popu-
lations (PA, PB, and laboratory control) was not signifi-
cantly different on non-Bt near isoline corn. When
reared on Cry3Bb1, the mean proportional survival of
the two problem field populations was not significantly
different, but only PA survival was significantly greater
than the control population (Fig. 2A). Survival of popu-
lation PB and the laboratory control were significantly
lower than survival on their respective non-Bt near
isoline hybrids. However, survival of PA on Cry3Bb1
was not significantly different than survival of PA on
non-Bt near isoline (Fig. 2A).
A significant treatment effect also occurred in the
one-way ANOVA of proportional survival when popula-
tions were reared on Cry34/35Ab1 and non-Bt near iso-
line hybrids (F¼ 6.13; df¼ 5, 64; P¼ 0.0001).
However, the patterns among treatments were different
than those observed in the Cry3Bb1 analysis (Fig. 2A
and B). Similar to the Cry3Bb1 analysis, there were no
significant differences in mean survival among popula-
tions when reared on non-Bt corn (Fig. 2B). In contrast
to the Cry3Bb1 analysis, mean survival on Cry34/
35Ab1 was not significantly different among popula-
tions, and mean survival of each population on
Cry34/35Ab1 was significantly lower than survival of
each population on non-Bt near isoline (Fig. 2B).
2013 Bioassays. A similar pattern was apparent
when proportional survival on Cry3Bb1 and mCry3A
was analyzed. A significant interaction between popula-
tion type and hybrid occurred for the populations
reared on Cry3Bb1 and non-Bt near isoline corn
(F¼ 16.74, df¼ 2, 13, P¼ 0.0003) and mCry3A and
non-Bt near isoline corn (F¼ 8.86; df¼ 2, 12;
P¼ 0.0043). In both Cry3Bb1 and mCry3A analyses,
mean survival on the non-Bt corn hybrid was not
significantly different among population types (Fig. 3A
and B). In contrast, mean survivorship of Cry3Bb1
problem field populations on Cry3Bb1 and mCry3A
corn was not significantly different than mean survivor-
ship of any population type reared on non-Bt corn, but
was significantly greater than mean survival of either
control population (Fig. 3A and B).
A different pattern was observed in bioassays with
Cry34/35Ab1 and non-Bt near isoline corn. The inter-
action between population type and corn hybrid for the
populations reared on Cry34/35Ab1 was not significant
(F¼ 0.51; df¼ 2, 13; P¼ 0.6136). The main effect
hybrid was significant (F¼ 293.05; df¼ 1, 13;
P< 0.0001), as fewer larvae survived on plants express-
ing Cry34/35Ab1 than on the non-Bt near isoline
hybrids (Fig. 3C). However, mean survival of the three
population types was not significantly different on
Cry34/35Ab1 corn (F¼ 2.29; df¼ 2, 13; P¼ 0.1409).
Corrected Survival on Bt and Non-Bt Near
Isoline Corn Hybrids. 2012 Bioassays. When pro-
portional survival on Bt corn was corrected for survival
on the non-Bt near isoline corn hybrid (Table 2),
survival of population PA and PB was 13.4 and
5 greater, respectively, than the laboratory control
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refers to the non-Bt near isoline hybrid in each figure. Mean
values followed by a same letter are not significantly different
(one-way ANOVA, P> 0.05; LSMEANS test).
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population (L1) when reared on Cry3Bb1. However,
the corrected survival for each Cry3Bb1 problem field
population on Cry34/35Ab1 corn was very similar to
the corrected survival of the laboratory control popula-
tion (Table 2).
2013 Bioassays. The mean corrected survival on
Cry3Bb1 was significantly different among population
types (F¼ 143.53; df¼ 2, 13; P< 0.0001). Mean cor-
rected survival of Cry3Bb1 problem field populations
was significantly higher and 7.4–18.5 greater than
the mean corrected survival of field and laboratory con-
trol populations, respectively, when reared on Cry3Bb1
corn (Table 3). There was no significant difference in
mean corrected survival among field and laboratory
control populations (Table 3).
A similar pattern was observed when populations
were reared on mCry3A, as mean corrected survival
was significantly different among population types
(F¼ 30.43; df¼ 2, 11; P< 0.0001). Mean corrected sur-
vival of Cry3Bb1 problem field populations was signifi-
cantly higher and 3.7–5.7 greater than mean
corrected survival of laboratory and field control popu-
lations, respectively (Table 3). Mean corrected survival
of laboratory and field control populations was not sig-
nificantly different (Table 3).
A significant difference in corrected survival also
occurred among population types when reared on Cry34/
35Ab1 (F¼ 4.97; df¼ 2, 13; P¼ 0.0249), but a different
pattern was obtained than observed for Cry3Bb1 or
mCry3A (Table 3). The mean corrected survival of
Cry3Bb1 problem field populations was not significantly
different than the mean corrected survival of laboratory
control populations, but was significantly different than
mean corrected survival of field control populations
(Table 3). Similar to Cry3Bb1 and mCry3A analyses,
mean corrected survival of laboratory and field control
populations was not significantly different (Table 3).
Correlation Analyses. 2013 Bioassays. There
was a significant positive correlation between corrected
survival of western corn rootworm larvae on Cry3Bb1
corn and mCry3A corn (r¼ 0.868; df¼ 9; P¼ 0.0005;
Fig. 4A). In contrast, no significant correlation was
detected between corrected survival on Cry3Bb1 corn
and Cry34/35Ab1 corn (r¼ 0.482; df¼ 11; P¼ 0.0952)
or corrected survival on mCry3A corn and Cry34/35Ab1
corn (r¼ 0.555; df¼ 9; P¼ 0.0761; Fig. 4B and C).
Discussion
Proportional survival and corrected survival data
from 2012 and 2013 bioassays (Tables 2 and 3; Figs. 2
and 3) demonstrate that there are heritable differences
in susceptibility of Nebraska western corn rootworm
populations to rootworm-active Bt proteins. The field
histories (Table 1) and bioassay data jointly support the
conclusion that a level of field resistance to Cry3Bb1 in
some Nebraska populations has evolved in response to
selection pressure. The preliminary data obtained from
western corn rootworm collections in 2011 suggest that
resistance evolution may have been taking place for
some time before formal documentation of resistance
in this study. Greater than expected root injury and
severe lodging in field PA were documented by an agri-
cultural consultant in 2010, but the susceptibility of the
2010 population was not characterized. Remedial
actions mitigated the problem resulting in greatly
reduced root injury and lower adult densities in 2011.
Nonetheless, the corrected survival of larvae on
Cry3Bb1 from the field collection (Table 2) was similar
to corrected survival reported for some Cry3Bb1-
resistant populations collected in Iowa during 2009
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Fig. 3. Mean larval proportional (6SE) survival on (A)
Cry3Bb1 corn, (B) mCry3A corn, and (C) Cry34/35Ab1 corn,
for western corn rootworm populations collected in 2012
from Cry3Bb1 history fields exhibiting greater than expected
injury (Problem fields, n¼ 6), fields not experiencing
unexpected control problems (Field controls, n¼ 3), and
laboratory populations that had never been exposed to
rootworm-active Cry proteins (Lab controls, n¼ 7 except for
mCry3A where n¼ 5). “Bt absent” refers to the non-Bt near
isoline hybrid in each figure. Mean values followed by the
same letter are not significantly different (two-way mixed
model ANOVA, P> 0.05; LSMEANS test).
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(Gassmann et al. 2011). Population PB susceptibility to
Cry3Bb1 may have been in transition towards
resistance as proportional survival was not significantly
different than either PA or the laboratory control
(Fig. 2A). The reasons for this are unclear, but collec-
tion from only second year corn (Table 1) and immigra-
tion from surrounding fields in 2010 following crop
rotation were probably contributing factors.
The 2013 bioassays provide a more in-depth under-
standing of western corn rootworm population suscept-
ibility to rootworm-active Bt traits and confirm
resistance to Cry3Bb1 in multiple populations in north-
east and southwest Nebraska (Fig. 1; Table 3). Most
western corn rootworm populations showing some level
of resistance to Cry3Bb1 were planted to a Cry3Bb1-
expressing hybrid for at least three and up to six con-
secutive years (Table 1). It is interesting to note that
resistance to Cry3Bb1 was detected in populations
from P4 and P5 in only the third consecutive year a
Cry3Bb1 hybrid was planted. Because both sites occur
in areas where there is a high frequency of annual
corn–soybean rotation, it is unlikely that immigration
from surrounding resistant populations significantly
impacted susceptibility levels. Resistance to Cry3Bb1
has been detected after three generations of selection
in previous laboratory studies (Meihls et al. 2008) and
under field conditions (Gassmann et al. 2011, 2012).
Corrected survival of Cry3Bb1-resistant populations
from this study falls within the same range as that
reported for Cry3Bb1-resistant populations in Iowa
and resistance ratios (i.e., mean corrected survival of
Cry3Bb1 problem field populations/mean corrected
survival of control populations) were similar or greater
than those reported in Iowa (Gassmann et al. 2011,
2012, 2014). Data from this study reconfirm that rela-
tively low Cry3Bb1 resistance ratios can be associated
with significant larval root injury by western corn root-
worm in commercial cornfields.
The mean proportional survival, corrected survival,
and correlation data from 2013 bioassays collectively
indicate that a possible cross-resistance relationship
exists between Cry3Bb1 and mCry3A (Figs. 3 and 4;
Table 3). However, there was no apparent cross-resist-
ance relationship between Cry34/35Ab1 and either
Cry3Bb1 or mCry3A corn. This conclusion is also sup-
ported by results of recent multitrait field trials con-
ducted at four Cry3Bb1 problem sites in which greater
than expected node injury scores (Oleson et al. 2005)
were recorded for both Cry3Bb1 and mCry3A treat-
ments (L.J.M., unpublished data). At each site, there
was no historical record of mCry3A hybrid use prior to
the on-farm trials. Similar results have been previously
reported by Gassmann et al. (2014) who documented
cross-resistance between Cry3Bb1 and mCry3A and
found absence of cross-resistance between Cry3Bb1
and Cry34/35Ab1 or mCry3A and Cry34/35Ab1.
In contrast to results of Cry3Bb1 and mCry3A bioas-
says, mean proportional survival and corrected survival
data from the 2012 and 2013 Cry34/35Ab1 bioassays
do not provide evidence of resistance evolution to
Cry34/35Ab1. In 2013 Cry34/35Ab1 bioassays, mean
corrected survival of problem field populations was sig-
nificantly greater than the mean survival from field
control populations, but the relative survival in all pop-
ulation types was low, especially compared with that
recorded from problem field populations in Cry3Bb1
or mCry3A bioassays (Table 3). In addition, the collec-
tive range of corrected survival from individual prob-
lem field populations and field control populations was
very similar to the range exhibited by laboratory control
Corrected survival on Cry3Bb1 corn
C
or
re
ct
ed
 s
ur
vi
va
l o
n 
m
C
ry
3A
 c
or
n
0.0
0.2
0.4
0.6
0.8
1.0A
Corrected survival on Cry3Bb1 corn
C
or
re
ct
ed
 s
ur
vi
va
l o
n 
C
ry
34
/3
5A
b1
 c
or
n
0.0
0.2
0.4
0.6
0.8
1.0B
Corrected survival on mCry3A corn
0.0 0.2 0.4 0.6 0.8 1.0
0.0 0.2 0.4 0.6 0.8 1.0
0.0 0.2 0.4 0.6 0.8 1.0
C
or
re
ct
ed
 s
ur
vi
va
l o
n 
C
ry
34
/3
5A
b1
 c
or
n
0.0
0.2
0.4
0.6
0.8
1.0
Problem fields
Lab controls
C
Fig. 4. Correlation among 2012 collected populations
for corrected proportional survival of western corn rootworm:
(A) Cry3Bb1 and mCry3A corn, (B) Cry3Bb1 and Cry34/
35Ab1 corn, and (C) mCry3A and Cry34/35Ab1 corn.
Problem fields: Cry3Bb1 history fields exhibiting greater than
expected injury (n¼ 6); control populations: laboratory
colonies that had never been exposed to rootworm-active Cry
proteins (n¼ 7 except for mCry3A where n¼ 5).
748 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 108, no. 2
Downloaded from https://academic.oup.com/jee/article-abstract/108/2/742/776137
by Iowa State University user
on 08 January 2018
populations. This is reinforced by the fact that the
mean corrected survival of the laboratory control popu-
lations was not significantly different than the means of
the other two population types (Table 3).
The presence of resistant and susceptible western
corn rootworm populations in relatively close proxim-
ity (i.e., P1 and C3; P6 and C2) suggests that a
mosaic of Cry3Bb1 susceptibility existed in several
counties of southwestern Nebraska during 2012. In
each county, the Cry3Bb1 problem field and control
field were <8 km apart (Fig. 1). A similar situation
was reported by Gassmann et al. (2011) in which sev-
eral Cry3Bb1-resistant populations and a susceptible
population co-occurred in the same northeastern Iowa
county in 2009. Western corn rootworm resistance to
Cry3Bb1 was first documented in northeast Iowa
(Gassmann et al. 2011), but the problem is now
increasing in geographic scope. This is now a regional
issue and covers a large geographical area (Gassmann
et al. 2014, Gray 2014). Because the distance between
northeast Iowa and southwest Nebraska is extensive
and summer prevailing winds are often from the west
or southwest in the Corn Belt, it is unlikely that
Cry3Bb1 resistance originated in northeast Iowa in
2009 and then spread from one focal point to other
areas. Available data collectively suggest that local
selection is driving resistance to evolve initially in mul-
tiple independent locations following repeated use of
Cry3Bb1 corn. Because the mechanism or mechanisms
of Cry3Bb1 resistance are currently unknown, it would
be interesting to determine if the mechanisms of resist-
ance for populations in southwestern Nebraska are
similar to those of populations in northeastern Iowa or
central Illinois.
In this study, some field populations were identified
that were susceptible to each Bt trait included in bioas-
says (e.g., population C1). However, susceptible field
control populations can be difficult to find especially
after a technology has been widely adopted and many
target pest populations have had some exposure to the
technology. This is especially the case with western
corn rootworm because Cry3Bb1 resistance ratios are
small. Reduced susceptibility can occur in rootworm
field populations used as controls before greater than
expected injury occurs, making it difficult to statistically
separate survival on the control from survival of a sus-
pected resistant population (Gassmann et al. 2011).
The laboratory control populations that were used in
this study exhibited a range of susceptibility to root-
worm-active Bt traits, especially when challenged with
mCry3A and Cry34/35Ab1 (Table 3). By using multiple
control populations, more of the natural variability can
be captured and reflected in the control. Therefore,
use of multiple laboratory control colonies that were
established from field collections prior to commerciali-
zation of rootworm-active Bt traits arguably provides a
more appropriate control than comparison to only one
standard susceptible population.
Results presented in this article document that the
Gassmann on-plant bioassay technique can be used
across laboratories as a diagnostic tool to gain results
that are highly correlated with field efficacy.
Comparable results were obtained when the same labo-
ratory control colony (denoted as L1) was used in the
2012 and 2013 bioassays conducted in different labora-
tories at Iowa State University and the University of
Nebraska, respectively. The Iowa positive control popu-
lation used in this study was also bioassayed at Iowa
State University in 2013. The very high corrected sur-
vival in Iowa State University Cry3Bb1 bioassays and
low corrected survival in Cry34/35Ab1 bioassays (i.e.,
corrected survival: Cry3Bb1: >1.00; Cry34/35Ab1:
0.226 0.02; A.J.G., unpublished data) were similar to
the results obtained in Nebraska for IA-R (Table 3).
The two laboratories used different corn hybrids in bio-
assays that expressed the rootworm-active Bt traits of
interest, suggesting that specific hybrids are not neces-
sary to obtain reliable bioassay results. It appears that
the bioassay technique can be used to generate consis-
tent results regardless of location, time, or hybrid.
Overall, there is a need for integrated approaches to
western corn rootworm management that promote
long-term gains from sustainable pest population sup-
pression, balance management costs, and preserve
yields (Pedigo and Rice 2009, Cullen et al. 2013,
Petzold-Maxwell et al. 2013, Sumerford et al. 2013).
Many Cry3Bb1 problem fields described in this article
have been in corn production for a long time (some up
to 20–30 yr), contributing to high annual western corn
rootworm densities coupled with repetitive use of
Cry3Bb1-expressing hybrids. Many complex factors
contribute in different ways to this cropping pattern
but many tie into the economics and tradition of corn
and livestock production in Nebraska. Because the
western corn rootworm is highly adaptable to manage-
ment practices (Miller et al. 2009) and laboratory selec-
tion with all commercially available rootworm Bt traits
has led to resistant populations (Lefko et al. 2008,
Meihls et al. 2008, 2011, 2012, Oswald et al. 2011,
Frank et al. 2013), good stewardship of current and
future products is needed to protect against high selec-
tion pressure that may accelerate the evolution of
resistance (Tabashnik et al. 2004, 2014, EPA 2007). To
manage western corn rootworm densities in a sustain-
able way over time and prolong the life of Bt traits, it is
important to move away from use of Bt technologies as
stand-alone tactics and instead incorporate trait use
with other tactics (e.g., crop rotation, tactic rotation,
etc.) into an integrated pest management framework
(Gassmann et al. 2012, Cullen et al. 2013). The move
by industry to slowly replace single trait hybrids with
pyramided corn hybrids should provide greater durabil-
ity of rootworm-active Bt technologies (Onstad and
Meinke 2010, Prasifka et al. 2013, Head et al. 2014),
although it is unclear how pyramids that include a trait
that is compromised by some level of resistance will
perform over time in the field (Gassmann et al. 2014).
As new transgenic technologies are developed for west-
ern corn rootworm management, especially if they are
less than high dose, it will be important to incorporate
those into an integrated pest management framework
at the time of commercialization and not wait until mit-
igation is needed in the field to take a multitactic
approach to management.
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